The major facilitator superfamily (MFS) is the largest family of secondary active transporters and is present in all life kingdoms. Detailed structural basis of the substrate transport and energycoupling mechanisms of these proteins remain to be elucidated. YajR is a putative proton-driven MFS transporter found in many Gram-negative bacteria. Here we report the crystal structure of Escherichia coli YajR at 3.15 Å resolution in an outward-facing conformation. In addition to having the 12 canonical transmembrane helices, the YajR structure includes a unique 65-residue C-terminal domain which is independently stable. The structure is unique in illustrating the functional role of "sequence motif A." This highly conserved element is seen to stabilize the outward conformation of YajR and suggests a general mechanism for the conformational change between the inward and outward states of the MFS transporters.
The major facilitator superfamily (MFS) is the largest family of secondary active transporters and is present in all life kingdoms. Detailed structural basis of the substrate transport and energycoupling mechanisms of these proteins remain to be elucidated. YajR is a putative proton-driven MFS transporter found in many Gram-negative bacteria. Here we report the crystal structure of Escherichia coli YajR at 3.15 Å resolution in an outward-facing conformation. In addition to having the 12 canonical transmembrane helices, the YajR structure includes a unique 65-residue C-terminal domain which is independently stable. The structure is unique in illustrating the functional role of "sequence motif A." This highly conserved element is seen to stabilize the outward conformation of YajR and suggests a general mechanism for the conformational change between the inward and outward states of the MFS transporters.
membrane potential | protonation | charge-dipole interaction | charge relay T ransporters are a type of membrane protein essential for all living cells that actively up-take nutrition and export metabolic substances and toxic materials across cellular membranes. Transporters are divided into two major types based on their energy sources. Although primary active transporters directly consume energy from ATP hydrolysis to drive substrate transport, secondary active transporters use energy derived from the electrochemical potential across the cell membrane. The major facilitator superfamily (MFS) is the largest class of secondary transporters and is present in all life kingdoms (1) . For example, 25% of prokaryotic transporters belong to the MFS family (2) , and the human genome contains over 110 MFS proteins (3) . Currently, 3D crystal structures of nine bacterial MFS transporters (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) and one from fungi (9) have been reported at medium-high resolution. These studies have shown that MFS proteins contain a 12-transmembrane (TM) helix core composed of two six-helix rigid domains forming a central TM channel, which transports substrates using a rocker-switch mechanism (5) . In such a mechanism, MFS proteins are believed to switch between two major conformations, inward and outward, which differ by an ∼40°rotation of one domain relative to the other. Both conformations have been captured in MFS crystal structures. However, many questions remain to be addressed, particularly those related to energy coupling and functional roles of conserved motifs.
YajR, a 49-kDa transporter of the MFS family, has putatively been classified as a drug efflux protein solely on the basis of amino acid sequence analysis (14) . In Escherichia coli, YajR consists of 454 amino acid residues. Besides containing 12 TM helices, YajR is predicted to possess an extra domain of about 65 residues at the C-terminal. Of the MFS proteins with reported 3D structures, the TM core of YajR shares highest sequence homology (21% identity) with EmrD (SI Appendix, Fig. S1A ), which belongs to the 12-TM drug-resistance H + -driven antiporter (DHA12) subfamily (15) . The YajR gene is found in a number of Gram-negative bacteria, and it shows high sequence homology (identity ranging from 47-85%) with a group of arabinose efflux permeases, AraEP, also from Gram-negative bacteria (SI Appendix, Fig. S1B ). In addition, YajR homolog genes (TM-core coding region only) are found in genomes of archaea as well as Grampositive bacteria.
To address questions about the general mechanisms of MFS proteins and specific questions related to YajR, such as properties of potential substrates and functions of the small domain at the C terminal, we determined the crystal structure of fulllength E. coli YajR. The structure showed an outward conformation, and the small C-terminal domain forms a compact structure outside of the TM core. More importantly, the crystal structure of YajR enabled us to observe the most conserved sequence motif in the MFS family (i.e., motif A, stabilizing the outward conformation through an interaction network centered at a charge-helix dipole interaction). This observation prompts us to propose a general mechanism of conformational changes of MFS proteins, which is supported by many existing data of structure and function studies on MFS proteins.
Results
Crystal Structure of YajR. Recombinant full-length E. coli YajR protein was expressed in E. coli, and the melting temperature (Tm) of the native protein was determined to be approximately 63.9 (± 0.5)°C using thermofluor assays (16) (Fig. 1A) . The crystal structure of full-length YajR protein was solved using a mercury-based multiwavelength anomalous dispersion (MAD) method (17) . The final refined model had an R work of 27% (R free 29%) and contained native residues 3−454. Statistics from data collection and refinement are summarized in SI Appendix, Table S1 .
Similar to previously reported MFS transporter structures, the crystal structure of YajR contains 12 TM helices (TMs 1−12), which form the N (residues 3−184) and C domains (residues 215− 386) of the TM core (Fig. 1B) . The two domains are connected by a 30-residue linker containing a three-turn amphipathic α-helix (i.e., residues 201−209 and termed as α6-7) (SI Appendix, Fig. S2 ) as well as an extended loop. The overall charge distribution of the TM core is consistent with the "positive inside rule" (18) (SI Appendix, Fig. S3 ). Unlike MFS structures reported earlier, however, YajR contains a 65-residue, highly negatively charged domain (residues 389−454 and pI 4.75) located C-terminally to the TM core and possessing a ferredoxin-like fold of a metalbinding protein (termed the YajR/AraEP/MBD domain or YAM) (Fig. 1B and SI Appendix,Fig. S4 ). As predicted by amino acid sequence analysis, both N and C termini of YajR are located on the cytoplasmic side of the plasma membrane. There is a central cavity in the TM core between the N and C domains, with the cytoplasmic side closed and the periplasmic side accessible to solvent. The current crystal structure of YajR therefore assumes an outward conformation with the novel, small, soluble domain at the C terminal located in cytoplasm. More detailed structural descriptions of YajR can be found in SI Appendix.
The Conserved Motif A. Most MFS transporters contain the signature motif A, "G (+1) xlaD (+5) rxGR (+9) kp" (19) . In YajR, motif A is "G 69 LLSD 73 RIGR 77 KP" and is located in the loop connecting TMs 2 and 3 (L2-3) ( Fig. 2A) . In particular, Gly69(+1) of TM2 forms a close helix-helix contact with conserved Gly337 and Gly341 of TM11. The formation of this interdomain helical bundle between TMs 2 and 11 appears to be essential for the outward conformation of YajR. Asp73(+5) was observed to be completely buried in the domain interface in the outward conformation (with a zero side-chain solvent-accessible surface). In comparison, in the absence of the C domain (thus roughly equivalent to an inward conformation), the side chain of Asp73 has a solvent-accessible surface of 61 Å 2 . Asp73(+5) plays the role of an N-cap for TM11, presumably stabilizing the latter helix and the domain interface through a charge-helix dipole interaction. An Asp73-to-Arg (D73R) point mutation decreased the melting temperature of YajR by nearly 20°C [Tm 45.3 (±0.2)°C] (Fig. 1A) . This interdomain interaction can only be clearly illustrated in the outward conformation, and were not identified in previously reported MFS structures of inward conformations. In addition, Arg74(+6) may interact with the surrounding lipid molecules. Regarding intradomain interactions, Gly76(+8) is favored by the S-shaped backbone conformation of the short loop L2-3; Arg77(+9) interacts with side chains of both Asp73(+5) and conserved Asp126 at the C-terminal end of TM4, forming a chargerelay system; and Lys78(+10) interacts with the C-terminal end of TM6.
To further confirm the importance of motif A in YajR stability, we constructed a point mutation of Gly69(+1)-to-Trp (i.e., G69W), which introduced a bulky side chain to the domain interface of the outward conformation. This G69W mutation dramatically destabilized YajR in solution (Fig. 1A) . As an experimental control, a similar Gly-to-Trp point mutation, G51W, was constructed at the opposite end of TM2 from Gly69. Positions equivalent to YajR Gly51 are found to be located in the domain interfaces of reported MFS structures of the inward conformation (e.g., Gly46 in LacY/1PV7) and are most populated by Gly residues (19) . This G51W variant of YajR had a Tm similar to that of WT [60.1 (±1.8)°C] (Fig. 1A) . Taken together, these data indicate that, under the experimental condition, the dominant, low-energy conformation of YajR is an outward one. In addition, point mutations R77E [Tm 57.6 (±0.3)°C] and D126R [Tm 51.3 (±0.5)°C] in the charge relay system also resulted in stability decrease (with ΔTm of −6°C and −13°C, respectively), consistent with their roles in regulating the chargedipole interaction.
In addition, we performed a disulfide-bond formation experiment to confirm the role of motif A in stabilizing the outward conformation of YajR. First, a double-point mutation G55C-G355C was introduced into the WT YajR protein. Based on available structural information, these two cysteine residues are located in the N-terminal half of TM2 and C-terminal half of TM11, respectively, and were predicted to form an interdomain disulfide bond in the inward conformation but not in the outward conformation. SDS/PAGE showed that this mutant existed in both the reduced and oxidized forms (Fig. 2B) . Furthermore, both G69W and D73R point mutations, which presumably disturbs the motif A, were introduced individually into the G55C-G355C variant. In both cases, SDS/PAGE showed that the triplepoint mutation existed predominantly in the oxidized form (Fig.  2B) . These results were consistent with a prediction that disrupting motif A at the +1 and +5 positions would allow the inward conformation to occur at a higher frequency.
Discussion
Two States of MFS Transporters. Transporters of the MFS family share a similar folding topology as well as a conserved motif A. These structural features are likely to be the basis for the functions common to most members of the MFS family. Such common functions include protonation (or binding to other charged ions) and conformational alternation between the outward and inward states (i.e., the rocker switch process) (5). The Fig. 1 . Thermal stability and overall structure of YajR. (A) Thermal denaturation curves of YajR variants. Thermal denaturation of full-length WT YajR, the G51W G69W, and D73R mutants, and truncation YajR-ΔYAM (i.e., residues 1−394 of WT) were measured using the blue fluorescence of the cpm dye (the left vertical axis), and that of the YAM-alone sample, which does not contain any Cys residue, was measured using the green fluorescence of Sypro orange (the right vertical axis). Raw data were analyzed with Prism (GraphPad). Multiple experiments were performed with good reproducibility and representative results are shown. (B) Cartoon representation of the YajR crystal structure. In the TM core, central helices (i.e., TMs 1, 4, 7, and 10), rocker helices (TMs 2, 5, 8, and 11), and supporting helices (TMs 3, 6, 9, and 12) are shown in green, yellow, and red, respectively. The short helix α6-7 is colored in blue and the YAM domain in orange.
outward conformation of a H + -driven, electrogenic, MFS protein can be considered as a ground state, and the inward conformation can be considered as an excited state (Fig. 3A) . From an energetic point of view, the transition from the ground state to the excited state is initiated by protonation inside the central cavity, whereas the transition from the excited state back to the ground state is more or less automatic. The conformational changes can be further regulated by substrate binding inside the cavity or at allosteric sites on either side of the TM core, depending on the direction of the substrate transport. In terms of the energy source, it is shown that in the presence of Δμ H + , LacY-the most thoroughly studied MFS protein-can accumulate lactose against a 100-fold concentration gradient (20) . Because of the limited [H + ] gradient across the membrane (i.e., ΔpH of ∼0.6, corresponding to a fourfold difference), the associated free energy alone would not be sufficient to build up a 100-fold concentration gradient of the substrate. Therefore, other energy sources must function in the transporting process.
Although crystal structures of several MFS proteins have been elucidated, conserved structural elements that could provide the basis for a common transition mechanism remain to be identified. These crystal structures are found in inward, outward, or intermediate states, reflecting the low-energy conformations of the detergent-solubilized proteins under the corresponding crystallization conditions. Here we divide the mechanistic question into two parts, relating to the outward-to-inward transition and the inward-to-outward transition, respectively, and attempt to address them by using H + -driven, electrogenic MFS transporters as a paradigm, with emphasis on new structural information derived from the YajR crystal structure, combined with existing data from studies on MFS structures and functions.
Transition from the Ground State to Excited State. In the following, we make an argument that both protonation and a cross-membrane electrochemical potential are required for the outward-to-inward transition. In nearly all available crystal structures of protondriven MFS transporters, proton titratable amino acid residues can be identified in the central cavity. In YajR, such residues are likely to be the His225-Glu320 pair, where both amino acid residues reside close to each other (at a distance of 3.7 Å between the closest atom pairs of their side chains) and are the only two residues in theory titratable inside the cavity. Generally, a protonated residue may function in two ways: (i) Protonation may create or eliminate some electrostatic interactions, such as a hydrogen bond or a salt-bridge bond. This type of interactions usually contributes approximately 4 kJ/mol (∼1.6 RT) to protein stability (21) , and may result in a local conformational change to lower the transition state energy barrier (22) . (ii) Proton binding creates a structural point on which the physiological, negative-inside, electrostatic potential (ΔΨ) of the cytoplasmic membrane applies an electrostatic force to the protonated MFS. By transporting one proton across the membrane, the membrane potential [approximately 150 mV (23) ] produces approximately 15 kJ/ mol (i.e., FΔΨ, or ∼6 RT) energy. The corresponding force, combining with a hydrophobic interaction force that holds the TM core in the membrane, would produce torques that rotate the two domains individually in opposite directions and result in a rocking conformational change between the two domains (Fig. 3B) . The most hydrophobic TM helices (i.e., the supporting helices TMs 3, 6, 9, and 12 in Fig. 1B ) are located at the two ends of the longest dimension of the TM core, favoring the rotations of the two domains relative to the membrane as well as to each other. Furthermore, the banana-shaped helices that form the interdomain interface (i.e., the rockering helices TMs 2, 5, 8, and 11 in Fig. 1B ) provide the pivot points for the rotation. Roughly speaking, for Cα atoms of conserved Gly residues are shown as spheres. TM11 is colored from cyan at the N-terminal end to red at the C-terminal end. The figure was generated using PyMol. (B) Disulfide-bond formation assay. Protein samples were subjected to SDS/PAGE in the absence and presence of DTT, followed by immunoblot against the His-tag at the C termini of recombinant proteins. A double-point mutation G55C-G355C in the WT background, which presumably forms a disulfide bond in the inward conformation but not in the outward conformation, showed both reduced (Upper band) and oxidized (Lower band) forms. Additional G69W and D73R point mutations in the double Cys-mutation background (marked with an asterisk) showed predominantly oxidized forms. The WT YajR was included as a negative control. The results demonstrated that mutations in the motif A increase occupancy of the inward conformation. each domain the hydrophobic force is applied at its mass center, and consists of a strength of half of the electric force applied to the proton. If each domain rotates 20°relative to the membrane, the total energy produced is estimated to be approximately Onesixth of FΔΨ (∼2.5 kJ/mol or 1 RT). In addition, the electrostatic force applied on the proton by ΔΨ promotes an inward shift of the protein (Fig. 3C ). For example, if the inward movement could transiently reach one-sixth of the thickness (approximately 5 Å) of the lipid bilayer, the energy produced would be approximately 2.5 kJ/mol (∼1 RT). As a result, the movement might drive the opening side of the outward-facing structure more into the membrane from the periplasmic side while forcing the close side to protrude out of the membrane from the cytoplasmic side. Because the central cavity of a MFS protein is in general more hydrophilic than the outside surface in the TM region, and because the cavity wall possesses two clefts on the opening side (Fig. 1B) , such an inward shift of the protonated MFS must be energetically unstable, resulting in a so-called hydrophobic mismatch (24) . Therefore, an outward-to-inward conformation change can be triggered at this transition state, and the energetically more favorable inward conformation is taken up. In this inward conformation, the closed periplasmic side becomes more hydrophobic, whereas the now open cytoplasmic side becomes more hydrophilic. From an alternative point of view, because the protonation site is present in the middle of the TM core, it is located on the positive side of the so-called focused electric field of the membrane potential in the outward conformation, but becomes located on the negative side in the inward conformation. Thus, the total energy of the overall system is reduced by approximately 15 kJ/mol upon outward-to-inward conformational change. Such a mechanism would not necessarily require the existence of position-specific, conserved, structural motifs, but would demand a hydrophobicity change of the overall structure, for which the rocker-switch architecture of the MFS protein is perfectly suited. Undoubtedly, there are many other energetic factors involved in the rocking conformational change (25). However, most of them would cancel each other out because of the symmetry of the conformational change, and the net result would be the outward-to-inward conformational change of the MFS protein.
Similar concepts of functional requirement of a membrane potential (and thus intact cell membrane) have been widely accepted for membrane proteins that are involved in energy metabolism. For example, in an ATP synthase complex, proton movement driven by the electrochemical potential results in the rotation of the central piece of the complex (approximately 500 kDa in size); in this process, four protons are consumed to synthesize one ATP molecule (i.e., storing 30 kJ/mol energy with an efficiency of 50−75%) (26). Furthermore, voltage-gating ion channels change the conformation of their charge-carrying TM helices upon voltage inversion (27). The requirement of a membrane potential for MFS transporting activity has also been shown experimentally, (e.g., in active transport of lactose by LacY) (28, 29). Numerous mutagenesis experiments demonstrate that protonatible amino acid residues inside the central cavity are essential for H + -driven MFS transporters (12, 30, 31) . Interestingly, however, MdfA, a well-studied MFS protein, tolerates displacements of an essential acidic amino acid residue to various locations in the substrate translocation, strongly indicating that it is the protonation per se but not detailed geometry of such a residue is important for the transport activity (32). Taken together, we hypothesize that the interaction between the protonation site and the membrane potential provides (partial) energy source for the conformational transition of the MFS protein from the outward (ground) state to the inward (excited) state.
Transition from the Excited to Ground States. For the inward-tooutward conformational change of a H + -driven MFS protein, there are at least two contributing factors: deprotonation and distribution of basic residues. Although the protonation of an MFS protein favors the inward (excited) state, a deprotonation occurs in the inward conformation because of the alkaline condition of the cytosol (23) , resulting in eliminating of the inward force applied on the protein by the negative-inside membrane potential. In addition, the differential energy associated with protonation and deprotonation of one amino acid residue on the two sides of the membrane with a ΔpH of ∼0.6 (corresponding to approximately 2.3 RTΔpH or 3.5 kJ/mol per proton), combined with a fraction of the ΔΨ-associated energy, would promote substrate release (symporter) or substrate loading (antiporter), by modifying the substrate-binding site in the inward conformation.
Charge distribution of membrane proteins usually follows the "positive inside rule" (18) . For example, in the case of YajR, numerous basic residues are located on the cytoplasmic side, and many of them are distributed in the circumference of the protein, presumably interacting with the polar head groups of lipid molecules in the membrane (SI Appendix, Fig. S3 ). These basic residues would be pushed away from the negatively charged inner leaflet of the lipid bilayer during the above-mentioned inward movement, and thus a portion of the energy generated by proton translation could be stored in form of electrostatic energy. This energy would provide an electrostatic force for the protein to carry out the second conformational transition back to the outward (ground) state after deprotonation, using a mechanism similar to the first outward-to-inward transition. Such a mechanism of conformational change would also not require position-specific interactions, and thus no conserved sequence motif would be necessary for implementing such a mechanism.
According to this hypothesis, for a proton-driven symporter, substrate-loading in the outward state is ideally to be before protonation but not the opposite, to prevent wasteful proton leak. This corollary is consistent with previous works showing that loading of the substrate lactose to LacY is independent of the H + electrochemical gradient (20, 22) . Similarly, the substrate releasing in the inward conformation should be before the deprotonation, to prevent the substrate from being sent back impurposely. In other words, the transporter would stay in its inward conformation until the substrate is released to the cytosol followed by deprotonation, which would explain why LacY can accumulate lactose against a 100-fold concentration gradient (20) . Therefore, the binding order of substrate and proton in both loading and releasing processes is likely to be important for effective transport cycles.
Motif A and Regulation of Transition. Whereas both above mentioned-mechanisms of conformational transitions do not require interactions between specific amino acid residues, many MFS transporters do contain a conserved motif, which was termed motif A (also called an MFS-specific motif or a signature motif), located in the L2-3 region on the cytoplasmic side (19) . Although its high degree of conservation implies an important function, motif A must be in its functional state during structure analysis in order for us to understand its function accurately. So far, however, this particular structure has not been available. The YajR crystal structure provides an excellent showcase for the functions of motif A in action ( Fig. 2A) . In this outward-facing structure, motif A in L2-3 harbors, apart from other features, three essential structural elements: (i) a Gly residue at the position +1 essential for interdomain helix packing ( Fig. 2 and SI Appendix, Table S2 ); (ii) an interdomain charge-helix dipole interaction between Asp73(+5) and the N-terminal end of the helix TM11; and (iii) a charge-relay system with an acidic amino acid residue from TM4 [i.e., Asp73(+5)-Arg77(+9)-Asp126 TM4 ]. Acompanied by other conserved, short side chain residues form TM11, Gly69(+1) is presumably involved in the dynamic interdomain helix packing during conformational change ( Fig. 2A) , and our data show that a G69W mutation disturbs the outward conformation (Figs. 1A and 2B ). Consistently, it is shown in LacY that the +1 position of motif A are critical for its transport activities (33, 34). Moreover, the charge-helix dipole interaction was observed to stabilize the YajR structure in the outward conformation by locking the domain interface on the cytoplasmic side, whereas the chargerelay system may provide a mechanism to regulate the strength of the charge-helix dipole interaction.
A charge-helix dipole interaction on its own is estimated to provide approximately 4 kJ/mol stabilization energy in a soluble protein (35). In YajR, a charge-reverse point mutation, D73R, at the +5 position decreased the melting temperature by nearly 20°C (Fig. 1A) and increased occupancy of the inward conformation (Fig. 2B) . These results support the stabilization role of motif A in the charge-dipole interaction. Many mutations at the +5 position of motif A in a number of MFS proteins were found to be detrimental to the transport function (33, 34, 36, 37). For example, an Asp-to-Asn variant of Tn10 completely lost its activity (36). Even a conservative modification from Asp to Glu diminished the transport activity (36, 38), suggesting that a precisely maintained geometry is crucial for effective interdomain interactions, and thus essential for transport activity. More interestingly, it has been shown that the probability of opening the periplasmic pathway is markedly reduced in Asp(+5) mutations of LacY (39), consistent with a role of motif A including Asp(+5) in stabilizing the outward conformation.
In support of a functional role of the charge-relay system, Arg77 and Asp126 of YajR are conserved among many MFS proteins (19) , and point mutations at these positions decrease the thermal stability of YajR. Point mutations of the TetA(P) efflux protein from Clostridium perfringens at the position Arg71 (equivalent to Arg77 YajR , Glu327 to Glu320
YajR of the titratable pair in the central cavity, and Asp128 to the charge-relay acidic residue Asp126
YajR . Charge-relay systems are widely used in enzymes. For example, an Asp-Arg-Asp charge-relay system has been reported in an epoxide hydrolase and serves as the catalytic center; and mutations at any one of the three amino acids residues, even an Arg-to-Lys mutation at the middle position, result in loss of the enzyme activity (41). In a charge-relay system, electron movement is delocalized, and thus signals initiated by environmental changes can be sensed by one part of the system, before being transferred to another.
How does motif A on the cytoplasmic surface sense and response to protonation inside the central cavity? In nearly all known crystal structures of proton-driven MFS proteins that contain motif A in L2-3, the charge-relay system is always accompanied by the interdomain peptide. These linker peptides often contain a number of polar residues (e.g., His192 in YajR), as well as an amphipathic α-helix (α6-7) (SI Appendix, Fig. S2 ), which is likely to bind to the membrane surface. If this amphipathic α-helix maintains membrane association during the inward shift of the overall protein structure, the interdomain peptide will be stretched, resulting in a linker movement that probably interrupts the charge-relay system in motif A (Fig.  3D) . Alternatively, some (basic) residues from the linker may maintain interactions with lipid molecules in the membrane during the inward shift of the TM core, thus inducing a conformational change of the linker. In support of such possible scenarios, the central acidic residue Asp68 of motif A in the inward conformation of LacY interacts with His205 in the interdomain linker. A pH-titration experiment on Asp128 of LmrP from L. lactis (equivalent to Asp126
YajR ) suggests that the charge-relay system of motif A undergoes a change from buried to solventexposed environments during the outward-to-inward transition (31). Moreover, in the two MFS structures of PepT So /2XUT and PepT St /4APS, an interdomain, reentrant helix pair is inserted between the two domains of the TM core relative to the 12-TM MFS proteins and is likely to move independently from the rest of the TM core (11, 13) . Thus, this reentrant helix pair may function in a way similar to the above-mentioned amphipathic α-helix in other known MFS structures. Therefore, we hypothesize that the inward movement of the TM core of the MFS protein, occurring relative to the membrane, triggers the release of the charge-dipole, interdomain lock of motif A in L2-3, thus facilitating the outward-to-inward transition.
Because of the internal symmetry of the MFS protein, motif A-like structural elements (A-like motifs) may occur in four places, namely L2-3, L5-6, L8-9, and L11-12 loop regions. Indeed, analysis of known MFS protein structures indicates that A-like motifs can be found in all four positions (referred to hereafter as motifs A L2-3 , A L5-6 , A L8-9 , and A L11-12 , respectively), and some proteins contain more than one of these motifs (SI Appendix, Table S3 ). For examples, YajR contains motifs A L2-3 and A L8-9 both on the cytoplasmic side; and motif A L11-12 of FucP/ 3O7Q on the periplasmic side is conserved in homologous L-fucose transporters (12) . In addition, our analysis of amino acid sequences of 77 MFS proteins from E. coli shows a similar pattern (SI Appendix, Fig. S5 and Table S4 ). With the available 3D structures of MFS proteins and homolog sequences, a general trend emerges as that A-like motifs occur more often on the cytoplasmic, rather than periplasmic side, and motif A L2-3 is the most conserved one. Furthermore, in known 3D structures, more A-like motifs on the cytoplasmic side (i.e., A L2-3 and A L8-9 ) contain the charge-relay system, whereas none of those on the periplasmic side do. Because the cytoplasmic side A-like motifs are often covered either by the interdomain linker (and a linkercoupled structural element in XylE/4GC0) or by a putative regulatory structural element, these motifs are likely to regulate the outward-to-inward conformational change. Of particular interests to our YajR structure, the C-terminal, small YAM domain may sense environmental changes, such as pH and halogen ion variation (SI Appendix, Fig. S6 ), providing a unique mechanism to regulate the interdomain lock of motif A L8-9 . In agreement with this possibility, truncation of the YAM domain slightly perturbs the thermal stability of the YajR protein (Fig.  1A) . On the other hand, A-like motifs on the periplasmic side could be regulated allosterically by a ligand. Consistently, a substrate-induced, inward-to-outward conformational change has been reported in the symporter LacY (42), suggesting a possibility that a regulation of conformational change occurs outside of the central cavity and from the periplasmic side (e.g., via its A L11-12 motif). Interestingly, point mutations in LacY that rescue a defective mutation at the +5 position of motif A L2-3 on the cytosol side are found to be clustered around the motif A . Futhermore, other point mutations for basic amino acid residues in the interdomain linker region (e.g., Arg212, Arg218, and Lys256) of GLUT1 have been reported being found in patient genes (45). These observations indicate the importance of the corresponding structural elements in GLUT1 functions. Therefore, a wide collection of existing data support our hypothesis that A-like motifs function as molecular switches, which regulate the conformational changes of MFS proteins.
Conclusion. YajR proteins of Gram-negative bacteria contain the typical 12-TM helix core of MFS transporters, as well as a Cterminal ferredoxin-like YAM domain. The crystal structure of its outward conformation illustrates functions of the highly conserved motif A of MFS transporters, thus enabling us to postulate some common mechanisms of the conformational changes between the outward and inward states of H + -potential driven, electrogenic, MFS transporters. For this class of MFS proteins, an inward shift of the protonated protein powered by the negative-inside membrane potential facilitates the outward-toinward conformational change, and the distribution of basic amino acid residues on the cytoplasmic side of the protein may partially provide the energy for the protein to return to its ground state. Moreover, a charge-helix dipole interaction between the two domains of the TM core can be regulated by the charge-relay system of motif A. We believe that similar mechanisms will apply to most, if not all MFS transporters.
Methods
The full-length YajR gene was cloned from the E. coli BL21 genome. Recombinant YajR protein was expressed in E. coli, extracted from the cell membrane with dodecyl-β-d-maltopyranoside, and purified in the presence of nonyl-β-d-glucopyranoside. The protein sample was crystallized using hanging-drop vapor-diffusion methods. The crystal form belongs to the P6 1 22 space group. There is one YajR molecule per asymmetric unit of 70% solvent content (V M = 4.0 Å 3 /Da). Initial phases of the structural factors were determined using a mercury-based MAD method (17) , and the structure model was refined to 3.15 Å resolution. Fitting of the amino acid sequence to the peptide-chain model was assisted with heavy atom markers from multiple Hg-derivative crystals (including one from a WT crystal and three from isomorphous crystals of Cys-mutations, namely A90C, A149C, and A180C) as well as a Se-Met derivative crystal (SI Appendix, Figs. S1A and S7). More information on materials and methods can be found in SI Appendix. 
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Structural description
Overall structure
Within the TM core, the compact N-domain of YajR is formed by TMs 16 and possesses an internal pseudo twofold symmetry (with the axis roughly parallel to the membrane plane) connecting TMs 13 to 46. Furthermore, the N-terminal domain is related to the six C-terminal TM helices (i.e. TMs 712) through another pseudo two-fold symmetry (with the axis perpendicular to the membrane plane). Thus, similar to known MFS structures, YajR consists of four symmetrical, three-helix repeats. The first helix in each repeat (i.e. TMs 1, 4, 7, and 10) contributes to formation of the cavity, and is thus referred to as the central helix. These central helices appear to play two major roles. Firstly, they determine substrate specificity and thus usually contain more polar residues facing the central cavity than other helices, allowing more specific interactions with a substrate than hydrophobic residues could offer. Compared with other MFS structures, TM4 in YajR losses two a.a. residues in the sequence region G 114 AIAA
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. Of the known 3D structures of MFS transporters, YajR is currently the only one that contains a break in the middle of a TM helix. Such a broken TM helix provides more cavity space thus likely contributing to substrate specificity. Secondly, the central helices contribute to the interactions in both the inward and outward states, for example, by dynamically participating in distinct inter-domain helical bundles. The second helix in each repeat (i.e. TMs 2, 5, 8, and 11) is usually long and curved, assuming a banana-like shape. Together, they form the side walls of the central cavity and are referred to here as rocker helices to indicate their direct involvement in interdomain conformational changes. The third group of helices (i.e. TMs 3, 6, 9, and 12) are located at both ends of the longest dimension of the TM core (Fig. 1B) . They do not directly contribute to the formation of the cavity, however, they do contact the lipid bilayer directly and are referred to as supporting helices. The fact that they are more hydrophobic than the central and rocker helices and are in general less conserved among orthologs is in agreement with their assumed role (Fig. S1B) . Together, these 12, symmetry related, TM helices form the structural basis of the rocker-switch mechanism of the YajR transporter.
In general, the helical type of integral membrane proteins contain more a.a. residues of short side chains (e.g. Gly, Ala, Ser, or Thr) in the helical region than soluble proteins. Such residues favor more compact helix-helix packing (1) . Intuitively, such residues would allow smoother dynamic movement between TM helices should such movement be required by a function of the membrane protein. By searching for SxxSxxxS or SxxxSxxS patterns in the a.a. sequence (where S stands for short side chain a.a. residues and x stands for any residues), we identified twelve such sequence regions in the TM core domain of YajR (Table S2) . Four of them are observed to be involved in the interface between the N-and C-domain in the outward conformation, and other two are potentially involved in the domain interface in the inward conformation. This observation further supports the notion that MFS proteins undertake rocker switch movement during substrate transporting.
Moreover, charge-dipole interactions are commonly used to stabilize soluble proteins (2) . They are also frequently observed in the helix-type of integral membrane proteins. In our YajR crystal structure, all helices in the TM core domain have at least one charge-helix dipole interaction at either the N-or C-terminal (Table S5) . Six of them are strictly or highly conserved among YajR from different species. For motif A, such an inter-domain, charge-dipole interaction is used to stabilize one of the two low energy states during the transporting process.
Central cavity
The path of substrate transport is believed to be through the central cavity between the N-and C-domains of the TM core (3, 4) . In the outward conformation of YajR, the cavity is ca. 20 Å deep and 10 Å wide. Inside the cavity, the Ndomain side is positively charged, whereas the C-domain side is negatively charged (Fig. S4) . The open side of the cavity has two clefts between the N-and C-domains, one on each side-wall. Most hydrophilic residues in the transmembrane region of the TM core point into the cavity. In particular, in the outward conformation, Arg24, Tyr57, Gln61, and Gln65 from the N-terminal domain face the cavity. Of these, Arg24 serves as a C-cap for the N-terminal portion of the broken TM4, and Gln65 serves as an N-cap for the Cterminal portion of TM4. From the C-terminal domain, His225, Asn317, Glu320, Tyr343, and Gln347 face the central cavity. In particular, His225 and Glu320 are candidates for protonation. While these residues are absolutely conserved in YajR and AraEP proteins from a variety of Gram-negative bacteria (Fig. S1B) , most of them are not conserved in the homologous multi-drug efflux exporter EmrD (Fig. S1A) , suggesting that YajR transports a different class of substrates from the hydrophobic substrates transported by EmrD. Importantly, all residues forming the surface of the central cavity, both hydrophobic and hydrophilic, are highly conserved among YajR and AraEP proteins, indicating that these transporters share conserved functions in their corresponding host organisms.
Characterization of the YAM domain
The 65-residue small domain at the C-terminal of YajR possesses a modified ferredoxin-like fold and has dimensions of 22  25  37 Å 3 (Fig. 1B) . While ferredoxinlike folds usually have a  secondary structural pattern, the last -strand is missing in the small domain at the Cterminal of YajR. The remaining three -strands form one antiparallel -sheet with both -helices located on one side of the sheet and the other side facing the TM core. This folding topology is similar to that of the metal-binding domain (MBD) of P1-type ATPase (PDB ID: 3DXS) (5), which is located at the N-terminal of the ATPase and is postulated to play a regulatory role. Thus, we termed the small domain at the C-terminal of YajR proteins as well as their homologous AraEP proteins as the YajR/AraEP/MBD or YAM domain. The modified ferredoxin-like fold of the YAM domain is predicted to be conserved in all YajR transporters (Fig. S1B) .
To study the function of the YAM domain, we expressed and purified the YAM domain of E. coli YajR and measured its thermo-denaturation using thermofluor assays (Fig. S6) . Our results showed that the YAM domain has a Tm above 75C, and indicated that the thermal stability increased at increasing concentrations of halogen ions, but not Na + /K + cations. In addition, the stability increased with increasing pH over an experimental range of 5.56.2. Therefore, the YAM domain of E. coli YajR exhibits high thermal stability which is independent of the TM core, and this stability may change in response to pH and halogen ion concentration.
In the outward conformation of YajR, the YAM domain is located outside of the TM core, and has only minor interactions with the TM core (with a total of ca. 840 Å 2 buried solvent-accessible surface from both the TM core and the YAM domain). In addition, pull-down experiments were performed with YajR peptides consisting of the isolated TM core (YajR-YAM) and the YAM domain, and no interactions were observed between them. In a thermofluor assay, the recombinant protein of YajR-YAM showed only slightly lower thermal stability than the full length protein (Fig. 1A) . These results suggest that YAM domain may have a regulatory instead of a structural role.
Methods
Protein expression and purification
The YajR gene (GenBank ID: 251783932) was cloned from the genome of E. coli BL21(DE3) and was found to express well as a recombinant protein in high-throughput expression screening (6) . The DNA encoding the full length YajR was subcloned into the pET-28a vector (Novagen, US) with an incleavable His6 tag fused at the C-terminus, and the nucleotide sequence was confirmed using DNA sequencing. The plasmid was transformed into E. coli C43 (DE3) strain (7) . Cells were grown at 37°C in TB medium until the cell density reached an OD600 of 1.3. The temperature was then reduced to 16C before induction with 0.5 mM isopropyl β-dthiogalactoside (IPTG). After growth at 16°C for 18 h, cells were harvested by using centrifugation at 4,200 g. Cells were resuspended in ice-cold buffer A (20 mM Tris-HCl (pH 8.0), 300 mM NaCl, and 10% (v/v) glycerol) and subjected to two runs of homogenization at 10,000-15,000 psi using an EmulsiFlex-C3 homogenizer (AVESTIN, Canada). The homogenate was centrifuged at 17,000 g for 15 min at 4°C, and then the supernatant was ultra-centrifuged at 100,000 g for 90 min. The membrane fraction was resuspended in buffer A supplemented with 1% (w/v) DDM (Anatrace, US) and was slowly stirred for 2 h at 4°C. After another ultracentrifugation at 100,000 g for 30 min, the supernatant was collected and loaded on 2 ml of Ni 2+ -nitrilotriacetate affinity resin (Ni-NTA from Qiagen, Germany) preequilibrated with buffer A supplemented with 5 mM imidazole and 0.03% (w/v) DDM. After incubating for 1 h, the resin was washed with 50 ml buffer A supplemented with 20 mM imidazole, and 0.03% (w/v) DDM. The protein sample was eluted with 15 ml elution buffer containing buffer A, 200 mM imidazole, and 0.03% (w/v) DDM, and was concentrated to 500 μl. The concentrated protein sample was then loaded onto a Superdex-200 column (10/30, GE Healthcare, US) pre-equilibrated with 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, and a detergent (e.g. -NG) at 2x CMC. Peak fractions were collected, and the pooled protein sample was concentrated to 20 mg/ml before carrying out crystallization trials. The yield was typically 6 mg protein per liter of cell culture.
To obtain a seleno-methionine derivative protein, the transformed E. coli C43 (DE3) strain was grown in minimal medium with seleno-L-methionine replacing methionine, and purified in the same manner as the native protein.
Crystallization
Initial crystallization trials were carried out at 16°C using commercial crystallization screening kits from Molecular Dimension (UK) and Hampton Research (US) and the hanging-drop vapor-diffusion method. Protein crystals For heavy atom derivatives, native crystals were soaked in mother liquor containing 0.1 M Na-acetate (pH 5.1), 30% (v/v) PEG300, 1% (w/v) β-NG, and 210 mM Hg(CN)2 overnight. Se-Met derivative crystals were grown under the same condition as the native crystals.
Data collection and structure determination
Diffraction data for the native YajR crystal were collected up to 3.15 Å resolution at the 17U beamline of the Shanghai Synchrotron Radiation Facility (SSRF). All anomalous data sets, including Hg(CN)2-soaked derivatives and seleno-Lmethionine derivatives, were collected at the 41XU beamline of SPring-8 facility (Japan). All data were processed with HKL2000 (8).
Two mercury atoms in the Hg-derivative crystal of the wild type protein were located using Shelx-C/D/E (9) and initial phases were calculated using Phenix.autosol (10) with a two-wavelength MAD data set. A crude YajR model containing 12 transmembrane helices was built manually using Coot (11) . Building of amino-acid side chains was facilitated with selenium and mercury sites as markers to ensure correct fitting of the a.a. sequence to the peptide model. A significant improvement in the map quality was achieved by multi-crystal averaging using the native, mercury-, and selenium-derivative data sets. Refinement of the model was carried out with Phenix (the phased maximum likelihood method) using the highest resolution data set available supplemented with the experimental phase information. Strong secondary structure restraint and reference-model restraint were used throughout the entire refinement. Model validation was carried out using the Molprobity server (12) . In the final refined model, only one residue, Thr7, was associated with disallowed regions of the Ramachandran plot and was located in the N-terminal flexible region with weak electron density.
Thermofluor stability assay
Thermofluor analysis (13) was performed with a qPCR instrument, Rotor-Gene 6600 (Corbett Research, Australia) equipped with both a blue and a green fluorescence channel. Thiol-specific fluorochrome N-[4-7-(diethylamino-4-methyl-3-coumarinyl) phenyl] maleimide (CPM, Invitrogen, US) was used as the fluorescence probe for full length YajR and YajR-YAM. Using the blue light channel, CPM fluorescence was measured with a 387 nm excitation and a 463 nm emission wavelength (14) . In addition, Sypro orange dye (Invitrogen) was used together with the green fluorescence channel (i.e. 492 nm excitation and 516 nm emission) for the isolated YAM domain protein sample which was soluble but contained no Cys residue. The protein samples (ca. 4 g/l) were typically diluted from one buffer (i.e. 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, and 0.03% (w/v) DDM for YajR and YajR-YAM; and 20 mM MES (pH 6.0) and 100 mM NaCl for YAM) into the buffer to be analyzed at a 1:20 ratio. The volume of each sample was 20 µl, and the final concentration of the protein was 0.2 µg/µl. Buffers tested included sodium acetate, MES, HEPES, Tris, and bicine. The pH range varied from 5 to 10, and the salt concentration varied from 0.1 to 2.0 M. The qPCR instrument was programmed to increase temperature from 25 to 99°C at a rate of 1°C/min. Melting temperature, Tm, was estimated to be the temperature corresponding to the minimum of the first derivative of the denaturation curve.
Disulfide bond formation assay
Membrane fractions of E. coli cells expressing the wild type YajR or mutation variants were collected each from 5 ml of freshly prepared cell culture. After resuspended in 400 l of buffer A (20 mM Tris-HCl (pH 8.0), 300 mM NaCl, and 10% (v/v) glycerol), each membrane sample was divided into 20-l aliquots. Each sample was incubated with 2 mM (final) copper phenanthroline (Sigma, US) for 1 h at 30°C . For reducing controls, samples were incubated with additional 50 mM (final) dithiothreitol (DTT) for 10 min at 30C. All samples were subjected to sodium dodecyl sulfate-10% polycrylamide gel electrophoresis (SDS-10% PAGE) with 5 min pre-heating at 37C. Immuno-blotting was performed with anti-His antibodies (Tagmouse monoclonal antibody) and HRP-goat anti-mouse IgG antibodies ( both from EarthOx, US). Experiments were repeated multiple times, and the results were reproducible. Representative results are shown in Table S4 . The higher the frequency of a residue occurs at a given position, the larger the letter size is. Short side chain residues (i.e. Gly, Ala, Ser, and Thr) are in green; acidic residues (Asp and Glu) in red; basic residues (Arg, Lys, and His) in blue; and the rest in black. The figure was generated with the web program WebLogo (18) . Effects of sodium salts. In panel AD, the buffers contained 50 mM MES (pH 6.0) and specified salt. Multiple measurements were performed, and the results were reproducible. Raw data from a representative measurement are shown. E.
Effects of pH on YajR YAM thermal stability. Buffers contained 50 mM MES at specified pH and 100 mM NaCl. At pH higher than 6.2, the fluorescence signal 
